INTRoduCTIoN
In this study a dynamic analysis of a 77-yearold single span steel truss railway bridge was carried out. The bridge carries passenger trains between Johannesburg and Pretoria. The study was approached by three different methods -field measurement, modal analysis using a three-dimensional finite element model of the bridge, and a simple single degree of freedom (SDOF) approach. The intention was to investigate different methods of analysis, and determine whether a simple moving load model could accurately predict the dynamic behaviour of the bridge.
Several other authors have investigated railway bridges and compared field measurement and analysis results. Ashebo et al (2007) studied the effect of the skewness on a threespan box girder bridge in Hong Kong having a total length of 73 m. Natural frequencies were determined using SAP2000 software and field measurement. Caglayan et al (2011) performed a dynamic structural assessment of a four-span riveted steel plate girder bridge in Turkey with a total length of 54 m. Natural frequencies were determined using COSMOS software and field measurements. Liu et al (2009) studied a seven-span composite bridge on a high-speed railway line between Turin and Milan in Italy. The total length of the bridge was 322 m. Rodrigues (2002) used field measurement to determine natural frequencies of a single-span 31.4 m steel truss railway bridge in Portugal for an active tilting
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In this study a dynamic analysis of a 77-year-old single-span steel truss railway bridge was carried out. The study was approached by three different methods -field measurement, modal analysis using a three-dimensional finite element model of the bridge, and a simple generalised single degree of freedom (SDOF) analysis. Field measurement was conducted using accelerometers and displacement transducers, which were mounted on special sections fixed to an adjacent bridge. The finite element models of the bridge were prepared using beam and shell elements. The dynamic responses studied include the displacement, acceleration and natural frequency of the bridge. The results showed that the generalised SDOF model, with simple addition of the effects of each axle, provided reasonably accurate displacements compared to the measured values. The generalised SDOF model, finite element model with beam elements and finite element model with shell elements also gave reasonably accurate estimates for the natural frequency of the bridge. Figure 1 Side view of the bridge train at speeds of up to 200 km/h. Xia et al (2005) presented the experimental results of a 28-span pre-stressed concrete bridge for a high-speed train in China. Deflections, accelerations, strains and forces were measured. Hamidi and Danshjoo (2010) used a mathematical approach to determine the impact factor for steel railway bridges considering the effects of vehicle speed and ratio of axle distance to span length. Kaliyaperumal et al (2011) analysed a six-span continuously welded plate girder railway bridge of 189 m total length located in Sweden. Three Abaqus models were used -beam elements only, shell elements only, and a combination.
dEsCRIPTIoN oF THE bRIdgE ANd TRAIN
The bridge, constructed in 1936, is located in a peri-urban area outside Centurion, near Pretoria, South Africa, and is owned by the Passenger Rail Association of South Africa (PRASA). It spans the Hennops River, a river that is formed by the confluence of the Olifantspruit and the Sesmylspruit.
The bridge is one of two independent identical single-span simply-supported truss bridges at the site, as shown in Figures 1 and  2 . Each bridge spans 32.54 m, has a width of 5.26 m and carries a track of Cape gauge (1.067 m). The bridges are made up of a number of built-up sections which form the elements of a truss, with no ballast or deck, as shown in Figure 1 . No obvious structural problems were noted during a visual inspection of the bridge.
The bridges carry passenger trains with 12 coaches travelling between Johannesburg and Pretoria. These trains cross the bridge every 10-15 minutes during peak hours, and every 30-40 minutes during off-peak hours.
A typical train is shown in Figure 3 . The current maximum speed limit of the train on the bridge is 90 km/h. The trains consist of motor coaches (MC) with 180 kN axle loads, and trailer coaches (TC) with 114 kN axle loads. The axle spacing for a trailer coach is shown in Figure 4 . Arrangements of 1MC+6TC+1MC+3TC+1MC and 1MC+3TC+1MC+6TC+1MC were observed during the field measurements.
FIELd mEAsuREmENT
Field measurement of the displacement and acceleration of the bridge was done. In general it is difficult to measure displacements of a bridge using transducers where there is no suitable fixed reference point, such as at the mid-span of this bridge, which is approximately 8 m above the river. Fortunately in Figure 2 End view of the bridge this case there were two adjacent bridges, so displacements could be measured relative to one bridge while the train passed over the other. Four displacement transducers and seven accelerometers were used for the field measurement, located as described in Table 1 and shown in Figure 5 . The bridge displacement was measured with HBM WA50 displacement transducers. The displacement transducers were mounted on purpose-built mounting sections of steel rectangular hollow sections. The mounting sections were rigidly clamped to the adjacent bridge as shown in Figures 6 and 7, and also stiffened with steel cables.
The acceleration data was collected using Gulf Coast Data Concepts X16-1C accelerometers mounted on the bridge using double-sided tape. This mounting method was tested in the laboratory and found to be satisfactory. The accelerometers were configured to measure at a sample rate of 400 Hz at 16 bit resolution.
In principle the acceleration measurements could be used to calculate displacements and vice versa, but this was beyond the scope of this research. A future project will concentrate on this.
FINITE ELEmENT modELLINg
A three-dimensional finite element model of the bridge was built using OaSYS GSA. For this study it was used mainly to determine modal frequencies and shapes. Two types of models were used -a model containing only beam elements as shown in Figure 8 , and a model containing mainly shell elements as shown in Figures 9 and 10 . The finite element models were based entirely on physical measurement of the bridge, as no original drawings could be found. Connections between the various plates and sections riveted together to form the built up sections were assumed to be rigid. The model was supported on pin supports as observed on the bridge (Figure 11 ). No details were available of the construction of the abutments, but they were assumed to be rigid, based on inspection.
A static analysis of the bridge under maximum train loads showed a maximum stress of approximately 200 MPa, less than the expected yield strength of approximately 294 MPa for the steel used at the time the bridge was constructed (Bates 1991). gENERALIsEd sdoF Yang et al (2004) describe three levels of complexity for dynamic analysis of a train moving over a bridge -moving load, in which the train is modelled as only applying a load to the bridge; moving mass, in which the entire mass of the train is included; and sprung mass, in which the sprung and unsprung mass of the train and its suspension characteristics are included. The last option is the most accurate and captures interaction between the train and bridge. As the intention was to see how accurately a simple model could predict the dynamic behaviour of the bridge, a moving load model was used.
The truss bridge was also simplified for the analysis. First it was converted to an equivalent simply-supported beam, with flexural stiffness calculated to give the Figure 12 . The dynamic displacement due to a single axle load could then be obtained from the well-known closed-form solutions for forced and free vibration of an SDOF system, and the time history of displacement from the actual train loads could then be obtained by addition of the effects from each axle. Damping was not included. These results were compared to those from a formula given by Yang et al (2004) , which has a similar basis but combines the two axle loads on a bogie into one point load and only allows constant loads for the entire train, so different coach types cannot be accommodated.
REsuLTs
The results obtained from this study are summarised in the following sections.
Frequency
The measured natural frequency of the unloaded bridge was determined from pre-processed data from the accelerometers mounted on the bridge. The free vibration data, after the train had left the bridge, was used. The Fourier transform of the acceleration at the cross beam at mid-span (point 1) Figure 11 Support condition for bridge is shown in Figure 13 . A peak at 9.1 Hz is visible. Table 2 compares the measured fundamental natural frequency with those obtained from the finite element and generalised SDOF models. The results are approximately similar, with the measured frequency slightly lower than the finite element and generalised SDOF frequencies. This may indicate some errors in the modelling assumptions, such as the rigid abutment supports assumed. Further monitoring and measurement of the frequency could be used in monitoring the structural health of the bridge.
For comparison, the natural frequencies calculated by the empirical formulae suggested by Kaliyaperumal et al (2011) are shown in Table 3 , where l is the bridge span in m. The values from Frýba (1996) are 95% confidence intervals for steel truss bridges, while the values from UIC (1979 ) and EN 1991 -2 (2003 are limits outside of which more detailed analysis is needed. It appears that the bridge is near the upper end of Frýba's interval, and above the UIC and EN 1991-2 limit, though Frýba does state that, according to his data, many bridges will exceed this upper limit. Figure 12 Simplified model of a simply-supported bridge subjected to moving load
Figure 14 Generalised SDOF Field measurement obtained from the generalised SDOF method using simple addition. The displacement pattern consists of two parts -displacement due to the additional loads being applied to the bridge, and dynamic oscillation about this displacement. The lack of damping in the generalised SDOF model can be seen in the continued oscillation after the train has left the bridge.
It can be seen that the train of Figure 14 has the 1MC+6TC+1MC+3TC+1MC arrangement, while trains of Figures 15 and  16 have the 1MC+3TC+1MC+6TC+1MC arrangement.
From the results one can observe that the generalised SDOF method gives a reasonable approximation of the actual displacement of the bridge. Another point that one can observe from Figures 14-16 is that the displacement due to the motor coach is about 1.58 times that due to the trailer coach. This is almost equal to the ratio of the weights of the coaches, indicating the linearity between the force applied and resulting displacement.
The displacements measured at different points on the bridge structure at mid-span (points A, B and C) are close, as shown in Figure 18 , indicating little relative displacement between points in the truss. This is one reason why the simple beam approximation for the truss works reasonably well.
The two generalised SDOF methods, one using the formula given by Yang et al (2004) and one using simple addition of the effects of each axle, are compared in Figure 19 . It is clear that the formula from Yang et al does not work well when the coaches have different masses.
As the generalised SDOF approach with simple addition of loads appears to give approximately accurate results, the effect of speed on maximum displacement was determined for a larger range of speeds than could be measured. The results are shown in Figure 20 . The relationship between speed and maximum displacement is approximately linear, except for some slight peaks where more dynamic amplification occurs. The peak at around 74 km/h occurs because at this speed the two axles on a bogie enter the bridge approximately 0.1 s apart, which is close to the natural period of the bridge and the resulting dynamic in-phase oscillations.
Impact factors, as defined by Hamidi and Danshjoo (2010) , relating the dynamic deflection of the bridge to the static deflection, could also be calculated from the generalised SDOF method. The formula for determining the impact factor is presented in Equation 1.
where:
Hamidi and Danshjoo (2010) and Yang et al (2004) 
CoNCLusIoNs
A 77-year-old steel truss bridge carrying passenger trains was instrumented and analysed in this study. It was fortunate that displacement could be measured using sections rigidly clamped to the adjacent bridge. Accelerometers were also used.
The results showed that the generalised SDOF moving load model with simple addition provided reasonably accurate displacements compared to the measured values, despite the bridge actually being a truss which has different mass and stiffness distribution and behaviour compared to a beam, and the train being more complex than just a moving load in its interaction with the bridge. Possible other reasons for the differences include more complex issues, such as rail defects, wheel-rail interaction, and damping, which were not taken into account in the simple model.
Two finite element models of the bridge were prepared -one with beam elements, and one with mainly shell elements. The finite element model may also be used for dynamic time-history analysis of the bridge, but this would be substantially more complex and time-consuming than the simple model. The generalised SDOF model, finite element model with beam elements and finite element model with shell elements gave reasonably accurate estimates for the natural frequency of the bridge. Differences could be due to the supports being less stiff than assumed.
The empirical formulae suggested by UIC and BS EN 1991-2 underestimated the natural frequency of the bridge. Formulae in the AASHTO manual, AREMA and OHBD codes also underestimated the dynamic impact factor. 
